The electrochemical behaviour of a series of Fischer ethoxycarbene complexes of the type [(CO) 5 Cr=C(OEt)R] with R = 2-thienyl (1), 2-furyl (2), 2-(N-methylpyrrolyl) (3), N-methyl-2-(2'-thienyl)pyrrole) (4) and 2,2'-thienylfuran (5), is investigated by means of cyclic voltammetry. Results show that the first one electron reduction process is sensitive to the energy, shape and distribution of the LUMO orbital, leading to a linear relationship between the formal reduction potential and the LUMO energy: 
magnetic resonance spectra were recorded on a Brüker AC-300 spectrometer in CDCl 3 as solvent. 1 H NMR spectra were recorded at 300.135 MHz and 13 C NMR spectra at 75.469 MHz with the solvent signal as reference. Infrared spectra were recorded as KBr pellets on a PerkinElmer Spectrum RX FT-IR instrument and the vibrational bands of the carbonyl ligands in the region 1700-2200 cm -1 reported.
Chromatographic separations and purification were performed using nitrogen gas saturated kieselgel (0.063-0.200 mm). Thiophene was purified as described in literature, prior to use [14] . Triethyloxonium tetrafluoroborate was prepared according to a literature procedure [15] . The following dimeric heteroarene precursors and carbene complexes were synthesized according to known literature methods: 2,2'-Thienylfuran (A) [38] and N-methyl-2-(2'-thienyl)pyrrole (B) [38] ,
[Cr(CO) 5 C(OEt)(2-thienyl)] (1) [43] , [Cr(CO) 5 C(OEt)(2-furyl)] (2) [43] ,
[Cr(CO) 5 C(OEt)(2-(N-methylpyrrolyl))] (3) [16] and [Cr(CO) 5 C(OEt)(N-methyl-2-(2'-thienyl)pyrrole)] (4) [38] . Characterization data of 1-4 were in agreement with these literature reports.
Synthesis
[Cr(CO) 5 C(OEt)2,2'-thienylfuran] (5) [38] 2,2′-Thienylfuran (0.38 g, 2.5 mmol) was dissolved in tetrahydrofuran (THF) (30 ml) and the solution cooled to -20 °C. 1.7 ml (2.8 mmol) of a 1.6 M solution of n-BuLi in hexane was added and the reaction mixture stirred for 30 minutes. The temperature of the cold bath was lowered to -40 °C and Cr(CO) 6 (0.67 g, 2.5 mmol) was added in small portions. An immediate colour change was observed to dark brown. The mixture was stirred for a further 30 minutes after which time the cold bath was removed and the brown reaction mixture stirred at room temperature for 1h. The solvent was removed in vacuo. The brown residue was dissolve in dichloromethane and the reaction mixture cooled to -20 °C. 0.10 g (2.5 mmol) Et 3 OBF 4 , dissolved in 15 ml of dichloromethane (DCM), was added. The reaction mixture was stirred in the cold for 30 min and for a further 30 min at room temperature. The solvent was removed in vacuo. The residue was purified by column chromatography. The target complex was eluted from the column using hexane. Index range -9 ≤ h ≤9,
Reflections 
Crystallography
Data for a red crystal of 4 and an orange crystal of 5 were collected at 150 K on a Bruker D8 Venture kappa geometry diffractometer, with duo Is sources, a Photon optics monochromated, Mo-Kα radiation by means of a combination of  and ω scans. Data reduction was performed using SAINT+ [17] and the intensities were corrected for absorption using SADABS [17] . The structure was solved by intrinsic phasing using SHELXTS [18] and refined by full-matrix least squares using SHELXTL [18] and SHELXL-2012 [18] .
In the structure refinement all hydrogen atoms were added in calculated positions and treated as riding on the atom to which they are attached. All non-hydrogen atoms were refined with anisotropic displacement parameters, all isotropic displacement parameters for hydrogen atoms were calculated as X × Ueq of the atom to which they are attached, X = 1.5 for the methyl hydrogens and 1.2 for all other hydrogens. The crystallographic data for 4 and 5 are given in Table 1 . 
Cyclic Voltammetry

DFT calculations
All density functional theory (DFT) calculations were performed with the hybrid functional B3LYP [24, 25] as implemented in the Gaussian 09 program package [26] .
Geometries were optimized in gas phase with the triple-ζ basis set 6-311G(d,p) on all atoms except chromium, where LANL2DZ was used (corresponding to the Los Alamos Effective Core Potential plus DZ [27, 28, 29, 30] ). Solvation effects were computed by performing full geometry optimizations with the IEFPCM model, using either acetonitrile ( = 37.5) or dichloromethane ( = 8.9) as solvent.
Results and Discussion
Synthesis of carbene complexes 1-5
Several catalytic methods for the preparation of dimeric heterocyclic compounds have been published in literature [31, 32, 33, 34, 35, 36, 37] . The dimeric heteroarene precursors used in this study were synthesized according to known literature methods The α-monodeprotonation of heteroarene rings is more readily achieved for thiophene and furan than for N-methylpyrrole. The position of lithiation for dimeric heteroarene compounds containing two different rings can be controlled by varying the reaction conditions. Furan will be α-lithiated by preference in hexane in a competitive reaction with thiophene for an insufficient quantity of n-BuLi [41] . By contrast, thiophene is deprotonated more rapidly than furan at low temperatures in tetrahydrofuran, reaction conditions that favour the ionisation of the C-Li bond [42] . Thermal conditions are 
Single crystal X-ray structures of 4 and 5
The perspective drawings of 4 and 5 are shown in Figure 2 and Figure 3 . Structural parameters of importance are summarized in Table 2 . Of interest is that the Cr1-carbene distance of 0.2066(3) nm in 5 is significantly shorter that the distance of 0.2084(2) nm observed in 4. The mean Cr1-C bond distances for carbonyls cis to the carbene bond are the same for both compounds. However, the difference between the longest and shortest Cr1-C(cis) bond in 5 is 0.0032 nm, while only 0.0013 nm in 4.
The conformations of both structures are very similar in that C1, O1, Cr1, C6, O6, difference in the conformation of the two compounds is that the C16 methyl group of 5 is not in this plane, indicated by the C6-O6-C15-C16 dihedral angle of 38.9(3) °.
This may be a result of packing forces in the solid state as there seems to be no other steric or electronic reasons for this deviation from planarity. There were no other unusual aspects observed in the crystallographic packing of these molecules. 
Torsion angle (°)
a Mean Cr1-C bond distance for carbonyls cis to the carbene ligand b Cr1-C bond distance for carbonyl trans to the carbene ligand
Electrochemical and DFT study
The Cr ethoxycarbene complexes of this study ( Figure 4 and the data summarized in Table 3 . Three main redox processes are observed in the solvent window: one reduction process ascribed to the reduction of the carbene carbon atom and two oxidation processes: the oxidation of the Cr(0) metal centre to Cr(I) and the oxidation of electrochemically generated Cr(I) species to either Cr(II) or (CO) 5 Cr(I)=C(OEt)R(+). This is exactly the same value obtained for the oxidation of complex 1, see Figure 7 (b). This implies that the diffusion coefficient of complex 1 and ferrocene is the same in CH 3 CN as solvent. In this case the peak currents and LSV of the same concentration of complex 1 and ferrocene can be compared. Comparing the LSV of the two oxidation processes observed for 1 with that of ferrocene, it is concluded that each oxidation process represents a one electron oxidation only. The anodic current of the second irreversible oxidation process of 1 leads to adsorption and decomposition, implying that the peak current value is not reliable. Comparing peak currents and LSV data, a one electron reduction process is thus found for the chromium ethoxycarbene complexes of this study, reducing the neutral carbene complex to a radical anion species. A one electron reduction process was also found for the chromium ethoxycarbene and aminocarbene complexes in literature in DCM as solvent [11] , while a series of chromium aminocarbene complexes showed a two electron reduction process utilizing the same solvent/electrolyte system as this study but a hanging mercury drop electrode (HMDE) [7, 8, 9, 10] for CV measurements. (η is viscosity and r is the radius of the spherical particle). The extended dimeric heteroarene five-membered ring systems of 4 and 5 lead to enhanced stabilization of the radical anion to such an extent that the reduction process is electrochemically reversible at all scan rates 0.050 -5.000 V s -1 . At low scan rates, the reduction process of 1-3 is irreversible, i.e. no re-oxidation peak is observed.
However, at higher scan rates, the peak current of the backward scan of the reduction process of 1-3 becomes more enhanced. At a scan rate of 0.3 V s -1 , the peak current separation of 1-3, ΔE, becomes 0.07 -0.08 V. This implies that the radical anion is stabilized long enough on the timescale of the CV to be oxidized back to the neutral complex. See Figure 7 (a) for the CV of 1 at different scan rates. shows that the second reduction is also carbene carbon atom based with the electrons delocalized over the dimeric aromatic ligand. 
Cr(0)-Cr(I) oxidation
Oxidation of a complex involves the removal of an electron from the HOMO of the complex. The character of the HOMO of the neutral complex will thus show where the oxidation will take place; the SUMO of the oxidized species will give an indication of where the electron had been removed. The localization of the unpaired free electron of the oxidized species, can be visualized by a spin-density of the oxidized species (q = +1, spin = ½). Figure 9 gives (a) the HOMO of the neutral 1, (b) Figure 11 . The third oxidation process observed for 4 and 5 is proposed to be metal . Data are in Table 3 . Experimental potentials are relative to the Fc/Fc + couple.
Electrochemical oxidation and DFT energies
It is already observed that the oxidation process, which is Cr-based, is relatively The empirical relationships obtained here can only be applied to structurally related complexes. It is also possible to calculate adiabatic redox potentials using density functional theory calculations, within an accuracy of ca. 95 -150 mV [48, 49] .
Conclusions
The R group in [(CO) 5 Cr=C ( b Calculated values are given in the order: gas phase value, value calculated in DCM as solvent, value calculated in CH3CN as solvent.
c E 0' = -1.762 and 0.565 (complex 1) and -1.883 and 0.495 (complex 2) in DCM [11] .
